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Inhibition of mitochondrial complex I is one of the leading hypoth-
eses for dopaminergic neuron death associated with Parkinson’s
disease (PD). To test this hypothesis genetically, we used a mouse
strain lacking functional Ndufs4, a gene encoding a subunit re-
quired for complete assembly and function of complex I. Deletion
of the Ndufs4 gene abolished complex I activity in midbrain
mesencephalic neurons cultured from embryonic day (E) 14 mice,
but did not affect the survival of dopaminergic neurons in culture.
Although dopaminergic neurons were more sensitive than other
neurons in these cultures to cell death induced by rotenone, MPP�,
or paraquat treatments, the absence of complex I activity did not
protect the dopaminergic neurons, as would be expected if these
compounds act by inhibiting complex 1. In fact, the dopaminergic
neurons were more sensitive to rotenone. These data suggest that
dopaminergic neuron death induced by treatment with rotenone,
MPP�, or paraquat is independent of complex I inhibition.

apoptosis � cell death � dopamine neurons � Ndufs4 � Parkinson’s disease

Parkinson’s disease (PD) is the second most common aging-
related neurodegenerative disorder (1). It is characterized by

selective loss of dopaminergic neurons in the substantia nigra
pars compacta (SNpc) of the brain. Although mechanisms
underlying the selective dopaminergic neuron death are not well
defined, mitochondrial complex I dysfunction has long been
implicated in this process (2). The first evidence for complex I
dysfunction in PD was the observation that drug abusers who
were accidentally exposed to 1-methyl 4-phenyl 1,2,3,6-
tetrahydropyridine (MPTP) developed PD (3). MPP�, the toxic
metabolite of MPTP, is an inhibitor of complex I (4). Soon after
the discovery of MPTP-induced PD, several studies showed that
complex I activity is decreased in the substantia nigra, skeletal
muscle, and platelets of patients with PD (5–7).

The mitochondrial complex I hypothesis for PD is also sup-
ported by the finding that chronic treatment of rodents with
rotenone or paraquat induces many key features of PD, including
motor deficits, loss of dopaminergic neurons, and accumulation
of �-synuclein-containing inclusion bodies (8–15). Both rote-
none and paraquat are widely used pesticides. Rotenone is an
inhibitor of complex I (9). Because of its structural similarity to
MPP�, paraquat has been hypothesized to inhibit complex I
(16–21), although this hypothesis has been questioned (22).
Finally, a recent report suggests that some of the subunits of
complex I in human PD brains are oxidatively damaged, resulting
in misassembling and functional impairment of complex I (23).
Despite this correlative evidence, it has not been established that
mitochondrial complex I inhibition is causally related to dopa-
minergic neuron loss in PD.

The Ndufs4 gene encodes an 18 kDa protein, one of the 46
subunits comprising mitochondrial complex I. Ndufs4 is required
for complete assembly and function of complex I (24, 25). To test
the role of complex I inhibition in the selective dopaminergic
neuron toxicity induced by rotenone, MPP�, and paraquat, we
used a mouse line in which exon 2 of the Ndufs4 gene was deleted

(26). This causes a frame shift that precludes synthesis of the
mature Ndufs4. Similar deletion mutations in the human
NDUFS4 gene cause deficiencies in complex I activity and infant
lethality (27, 28). If complex I inhibition is obligatory for
selective dopaminergic neuron loss associated with PD, and
more specifically in the rotenone, MPP�, and paraquat models
of PD, one might expect greater baseline apoptosis in cultured
dopaminergic neurons from Ndufs4�/� mice. In addition,
Ndufs4�/� dopaminergic neurons should be less sensitive to
toxicity induced by rotenone, MPP�, or paraquat.

Results
Complex I Activity Is Lost in Primary Mesencephalic Cultures and
Purified Mitochondria Prepared from Ndufs4-Deficient Mice. To in-
vestigate the role of complex I in dopaminergic neuron death,
mesencephalic cultures were prepared from individual embry-
onic day (E) 14 embryos obtained from breeding Ndufs4�/�

mice. The genotype of each culture was determined by PCR
using residual tissue, but was unknown until the experiments
were completed. To obtain healthy mesencephalic cultures, the
neurons were dissociated and plated immediately after dissec-
tion. We were able to obtain 9–12 wells of cultured cells from
each embryo. The initial plating density was 3 to 5 � 104

cells/well. Approximately 100–150 cells in each well, which
accounted for 1%–3% of the total population, stained positive
for tyrosine hydroxylase (TH) after 6 days in vitro (DIV 6).
Tyrosine hydroxylase is the rate-limiting enzyme in dopamine
synthesis and was used as a marker for dopaminergic neurons.

We assayed mitochondrial complex I activity by measuring the
complex I inhibitor-sensitive oxygen consumption rate using
cultured E14 mesencephalic neurons (Fig. 1 A and B) or purified
mitochondria from these neurons (Fig. 1 C and D). Oxygen
consumption was measured using the polarography assay (Fig. 1
A and C) or a 96-well oxygen biosensor system (Fig. 1 B and D).
Though there was no statistically significant difference between
wild-type and heterozygote cultures (data not shown), the cells
and purified mitochondria from Ndufs4�/� mice had no detect-
able complex I activity. Similar results were obtained when
complex I activity was measured in cultured neurons by a
modified NADH dehydrogenase activity assay [see supporting
information (SI) Fig. S1]. In contrast to the loss of complex I
activity, oxygen consumption from complex II was not compro-
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mised in neurons cultured from Ndufs4�/� mice; if anything, it
was slightly higher in Ndufs4�/� cultures than in the Ndufs4�/�

littermates (Fig. S1D). Thus, Ndufs4 gene deletion resulted in a
complete loss of complex I activity without disrupting the
function of the rest of the respiratory chain in cultured neurons
and purified mitochondria.

Alternatively, complex I-driven mitochondrial respiration can
be assessed by monitoring oxygen consumption in the presence
of complex I substrates before (state 2 respiration) and after
addition of ADP (state 3). ADP induces a burst of oxygen
consumption (state 3) until all of the added ADP is converted to
ATP (state 4). Complex I-driven mitochondrial respiration is
quantified as the ratio of state 3/state 4 respiration rates (29–31).
This method does not involve the use of rotenone to inhibit
complex I and thus complements the assays in Fig. 1 A–D. There
was no apparent increase in oxygen consumption upon addition
of ADP into the Ndufs4�/� mitochondrial preparation; thus no
state 4 respiration rate could be measured. Because state 2

respiration rate was similar to state 4 respiration rate in the
wild-type mitochondrial preparation, we used the ratio of state
3/state 2 instead to measure complex I-driven oxidative phos-
phorylation (30). Purified mitochondria prepared from
Ndufs4�/� mesencephalic cells lacked complex I-driven mito-
chondrial respiration determined by the polarography assay (Fig.
1E) or the oxygen biosensor system (Fig. 1F).

In contrast to wild-type cultures, the culture media for Ndufs4�/�

cells turned yellow after 6 days of incubation if the media was not
changed. This was probably due to lactate accumulation caused by
absence of complex I activity. Therefore, fresh culture media was
routinely added at 24 h after plating, and half of the medium was
changed every 48 h thereafter.

Interestingly, when we measured oxygen consumption by the
polarography assay using mechanically chopped whole-brain
tissue fragments from postnatal day 1 (P1) Ndufs4�/� mice,
�37% of the total oxygen consumption was rotenone sensitive
(Fig. S1). However, purified mitochondria from this same tissue
preparation had no complex I activity. The basis for this differ-
ential activity depending on the mitochondrial purity is unclear.
Nevertheless, Ndufs4 gene deletion results in a loss of mitochon-
drial complex I activity in cultured neurons and in purified
mitochondria used in this study. This is consistent with reports
that mutations in the human NDUFS4 gene inhibit complex I
activity (24, 32–34).

Loss of Complex I Activity in Ndufs4�/� Mice Does Not Increase Basal
Rate of Cell Death of Cultured Dopaminergic Neurons. Mesence-
phalic neurons cultured from Ndufs4�/� mice looked similar to
those from Ndufs4�/� mice (Fig. 2A). There were equal numbers
of TH� neurons in cultures prepared from Ndufs4�/� and
Ndufs4�/� mice after 6 days in culture (Fig. 2B). In addition,
morphometric parameters were not affected by Ndufs4 deletion;
the length of the longest neurites, the soma size, the number of
neurites on each neuron, and the number of branch points on the
longest neurites were similar for TH� neurons prepared from
Ndufs4�/� or Ndufs4�/� littermates (Table S1). Ndufs4 gene
deletion did not change the proportion of GABAergic neurons
(GABA�), total neurons (NeuN�), astroglia (GFAP�), micro-
glia (IBA1�), or oligodendrocytes (Olig2�) in the cultures (Fig.
S2). Furthermore, there was no increase in basal levels of active
caspase 3 (Fig. 2C), terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick-end labeling (TUNEL) (Fig. 2D),
total intracellular reactive oxygen species (ROS) (Fig. 2E), or
ROS in the mitochondrial compartment (Fig. 2F) in TH�

dopaminergic neurons cultured from Ndufs4�/� mice compared
with Ndufs4�/� mice. The normal survival of dopaminergic
neurons from Ndufs4�/� mice in culture was confirmed in mice
in which the Ndufs4 gene was selectively inactivated in cells that
express TH (by crossing the conditional Ndufs4 mice with
Th-Cre). Although only a small group of these mice was gener-
ated, they did not manifest behavioral or biochemical deficien-
cies typically associated with PD over a period of 9 months (W.C.
Watt, N.A. Sorscher, and R.D.P., unpublished observations).
These data suggest that loss of complex I activity alone is not
sufficient to induce dopaminergic neuron death, consistent with
an earlier report (29).

TH� Dopaminergic Neurons Cultured from Ndufs4�/� Mice Are Not
Protected from Rotenone Toxicity. Cultures were exposed to 5 or 10
nM rotenone for 24 h. Surprisingly, the Ndufs4 gene deletion did
not protect dopaminergic neurons against rotenone-induced cell
death; rather, Ndufs4�/� dopaminergic neurons were even more
sensitive to rotenone than Ndufs4�/� neurons (Fig. 3A). Rote-
none toxicity was specific to dopaminergic neurons in all three
Ndufs4 genotypes and did not occur at a statistically significant
level in the GABAergic (Fig. 3B) or total neuron population
(Fig. 3C). There was no difference in the extent of apoptosis (Fig.
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Fig. 1. Deletion of the Ndufs4 gene abolishes mitochondrial complex I
activity in cultured mesencephalic neurons. Ndufs4 heterozygotes were
mated and primary mesencephalic neurons were cultured separately from
each mouse E14 fetus for 6 days before treatment or analysis. (A) Complex I
activity in intact neurons measured by the polarography method. (B) Complex
I activity in neurons measured by the oxygen biosensor system. (C) Complex I
activity in purified mitochondrial measured by the polarography assay and is
expressed per milligram protein. (D) Complex I activity in purified mitochon-
drial measured by the oxygen biosensor system. (E) State 2 and state 3 oxygen
consumption rates in purified mitochondria were measured by the polarog-
raphy method. (F) State 2 and state 3 oxygen consumption rates in purified
mitochondria were measured by the oxygen biosensor system. The oxygen
consumption rate of state 3 was calculated as fold increase over that of state
2. Values represent means (n � 3). Error bars represent SEM.
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3D) or cell death (Fig. S3A) in the entire cell population,
associated with the genotype of the cells. These results indicate
that loss of complex I activity does not protect TH� dopami-
nergic neurons against rotenone-induced toxicity.

Sensitivity of Mitochondrial Complex I Inhibition by Rotenone. Ro-
tenone has been reported to be a specific and potent mitochon-
drial complex I inhibitor; IC50 varies from 0.1 nM to 100 nM
depending on the system and methods used (8, 35–38). Because
the data in Fig. 3 indicate that rotenone toxicity to dopaminergic
neurons does not depend on complex I, we investigated the
dose–response relationship between rotenone inhibition of com-
plex I and induction of dopaminergic neuron death. E14 mes-
encephalic cultures prepared from C57/BL6 mice were treated
with 0, 2.5, 5, or 10 nM rotenone for 24 h (Fig. 4A), the same
conditions used in Fig. 3 to stimulate apoptosis. Although
treatments with 5 or 10 nM rotenone killed �50% or �75%
dopaminergic neurons (Fig. 3A), they only inhibited complex I
activity �11% or �33%, respectively (Fig. 4A). Similarly, rote-
none only partially inhibited complex I to the same degree when
applied to freshly purified mitochondria (Fig. 4B). Together with
the data in Figs. 1 and 2 showing that a complete loss of complex
I activity in Ndufs4�/� cells has no effect on basal cell death of
dopaminergic neurons, these results indicate lack of correlation
between complex I inhibition and dopaminergic neuron death.

Ndufs4 Deletion Does Not Affect Loss of Cultured TH� Dopaminergic
Neurons Induced by MPP� or Paraquat. To examine the effect of loss
of complex I activity on MPP�-induced dopaminergic neuron
death, primary mesencephalic cultures were treated with 5 �M
or 10 �M MPP� for 48 h. Treatment with MPP� caused a
dose-dependent loss of TH� neurons; the degree of TH� neuron
loss was the same in cultures prepared from all three Ndufs4
genotypes (Fig. 5A). Furthermore, loss of complex I activity in
Ndufs4�/� neurons did not have any effect on the survival of the
GABAergic neurons (Fig. 5B) or total neurons (Fig. 5C). Total
apoptosis (Fig. 5D) or cell death (Fig. S3B) in the entire cell
population was unaffected by Ndufs4 gene deletion.
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3; ns: not statistically significant). Error bars represent SEM.
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Treatment with 25 or 50 �M paraquat also selectively killed
dopaminergic neurons, but deletion of the Ndufs4 gene did not
change the sensitivity to paraquat (Fig. 6 and Fig. S3C). These
data indicate that dopaminergic neuron death induced by MPP�
or paraquat does not require complex I inhibition.

Discussion
The objective of this study was to examine the role of complex
I inhibition in dopaminergic neuron death induced by rotenone,
MPP�, and paraquat—treatments that have been used to selec-
tively kill dopaminergic neurons. Although mitochondrial com-
plex I dysfunction has long been implicated in dopaminergic
neuron death and pathogenesis of PD, a causal relationship has
not been established (2). Mesencephalic neurons cultured for 1
week from E14 Ndufs4�/� mice have no significant complex I
activity. However, dopaminergic neurons in these cultures ap-
peared normal and healthy with no decrease in survival during
culture compared with neurons from wild-type mice. Likewise,
selective loss of Ndufs4 in catecholaminergic neurons did not
appear to have any deleterious effect in mice up to 9 months of
age; thus, the normal survival of dopaminergic neurons in
culture reflects survival in vivo.

The most surprising result from these studies is that lack of
complex I activity did not affect the sensitivity of dopaminergic
neurons to MPP� or paraquat, and actually increased the
sensitivity to rotenone. One would expect that the dopaminergic
neurons would be resistant to these agents if they act by
inhibiting complex I. Nevertheless, it is striking that dopaminer-
gic neurons are more vulnerable to all three chemicals than the
other neurons, suggesting that there is a complex I-independent,
intrinsic property of dopaminergic neurons that makes them
more susceptible.

The increased sensitivity of Ndufs4�/� dopaminergic neurons
to rotenone is intriguing. Although one could argue that the loss
of complex I activity in Ndufs4�/� cells leads to altered produc-
tion of ROS, which sensitizes them to other death stimuli or to
oxidative stress, there was no apparent change in ROS produc-
tion or basal cell death in the Ndufs4�/� cells under normal
conditions. The fact that loss of complex I activity does not have
any effect on MPP�- or paraquat-induced TH� neuron loss
argues against a generic increase in sensitivity to death stimuli.
In addition, paraquat is known as an ROS generator (39, 40).
Sodium arsenite, which has no known effect on complex I
activity and induces cell death through oxidative stress (41, 42),
also caused the same extent of cell death in Ndufs4�/� and
Ndufs4�/� cells (Fig. S4). Thus loss of complex I activity does not
change the overall sensitivity of dopaminergic neurons to oxi-
dative stress. Our data indicate that rotenone has a greater effect
on dopamine neuron toxicity than on complex I activity, sug-
gesting that there may alternative targets of rotenone in dopa-
mine neurons. Other studies have implicated microtubule de-
stabilization, vesicle accumulation, and oxidative stress in
rotenone-induced loss of dopaminergic neurons (43, 44). In
agreement with those studies, we have data indicating that
rotenone toxicity involves destabilization of microtubules and
accumulation of cytoplasmic dopamine (W.-S.C., S.E.K., R.D.P.,
and Z.X., unpublished work).

Although it is accepted that the main target of MPP� neu-
rotoxicity is through complex I inhibition, alternative mecha-
nisms have been proposed, including microtubule depolymer-
ization, oxidative damage, and inhibition of glycolysis (45–48).
Our data illustrate that loss of complex I activity has no effect
on MPP�-induced dopaminergic neuron loss, strongly suggesting
that complex I inhibition is not primarily responsible for MPP�

toxicity within dopaminergic neurons.
Mechanisms underlying paraquat-induced dopaminergic neu-

ron death are not well defined. Early studies suggested that
paraquat may inhibit the activity of isolated mitochondrial
complex I in vitro (16, 17). Furthermore, because of its structural
similarity to MPP�, prominent reviews and textbooks have
concluded that paraquat is an inhibitor of mitochondrial com-
plex I (16, 18–21). However, others have questioned whether
paraquat can reach the internal mitochondrial membrane and
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inhibit complex I in intact cells (49), and one recent study
suggests that paraquat is not a complex I inhibitor (22). More-
over, oxidative stress, independent of complex I inhibition, has
been suggested to be critical in paraquat cytotoxicity (4, 39, 40,
50–56). Data presented here support the argument that paraquat
does not act as a complex I inhibitor (22).

Although blue native gel electrophoresis showed a marked loss
of fully assembled complex I, other components of complex I
were expressed in Ndufs4�/� cells at a similar level as in
Ndufs4�/� cells (26). Thus, one may argue that partially assem-
bled complex I, although lacking complex I activity and the
ability to generate NAD�, could still transfer electrons. This may
explain the toxicity of rotenone and MPP� in Ndufs4�/� neu-
rons. However, if electrons can flow through partially assembled
complex I and pass to complex IV, there should be complex I
inhibitor-sensitive oxygen consumption in cultured cells or pu-
rified mitochondria from Ndufs4�/� mice. Alternatively, if elec-
trons pass through partially assembled complex I but do not
continue on to complex IV and do not contribute to oxygen
consumption and ATP generation, one would expect increased
ROS production under basal conditions. However, our data
showed that basal levels of ROS in Ndufs4�/� cells were not
significantly higher than those in Ndufs4�/� cells, and there was
no complex I inhibitor-sensitive oxygen consumption in
Ndufs4�/� cells. Thus, our data argue against the idea that
partially assembled complex I can still transfer electrons in
Ndufs4�/� cells. Nevertheless, further experimentation is needed
to exclude the possibility that electrons flow through partially
assembled complex I in a way that does not contribute to the
generation of either energy or ROS.

Mutations in NDUFS4 have been linked to Leigh syndrome, a
fatal human disorder caused by complex I deficiency. All
NDUFS4 mutations in the human disease cause impaired as-
sembly and function of complex I, and early postnatal lethality
(24, 32–34). In this study, we used Ndufs4�/� mice as a genetic
model to study mitochondrial complex I deficiency and dopa-
minergic neuron death. Like humans, deletion in Ndufs4 gene in
mice caused Leigh-like syndrome and lethality at postnatal week
7 (26). Neurons cultured from Ndufs4�/� mice may therefore
provide a useful model to study molecular and cellular mecha-
nisms for Leigh syndrome and other neurodegenerative diseases
where mitochondrial complex I impairment has been implicated.

Materials and Methods
Generation of Ndufs4-Null (Ndufs4�/�) Mice and Primary Mesencephalic Neuron
Cultures. Generation and characterization of the Ndufs4�/� mice has been
described (26). To prepare primary cultured dopaminergic neurons from
single embryos, we modified the cell culture protocol of Gille et al. (57). See
SI Text for details.

Isolation of Mitochondria and Mitochondria Complex Activity Assays. Isolation
of mitochondria was performed as described (58). Polarography assay to
monitor mitochondrial oxygen consumption was performed as described (58).
Oxygen consumption was also measured using the BD Oxygen Biosensor
System (BD Biosciences) as described per manufacturer’s instructions (59–61).
Alternatively, we modified published protocols for NADH dehydrogenase
activity assay in intact cells (58, 62). See SI Text for details.

Drug Treatments, Immunocytochemistry, and Quantification of TH�, GABAergic,
or Total Neurons. All drug (Sigma) treatments were performed in defined
serum-free N2 medium. Neuron cultures were fixed and stained with antibody
as indicated. Cells immunostained positive for TH antibody (Sigma) and having
neurites twice the length of the soma were scored as TH� cells. Cells immu-
nostained positive for GABA (Sigma) or NeuN (Chemicon) antibody were
counted and scored as the GABAergic or total neuron population. See SI Text
for details.

Quantification of ROS, Terminal Deoxynucleotidyl Transferase-Mediated Biotin-
ylated UTP Nick End Labeling (TUNEL), and Total Apoptosis. ROS level in TH�

neurons was measured using 5 �M 5-(and-6)-chloromethyl-2�, 7�-dichlorodi-
hydrofluorescein diacetate acetyl ester (CM-DCFDA; Molecular Probes), and
MitoSOX (Molecular Probes). TUNEL staining was performed using TDT (Pro-
mega) as described (63). The number of TUNEL-positive cells in the TH� neuron
population was quantified. Apoptosis was determined for the entire cell
population by nuclear condensation and/or fragmentation after Hoechst
staining (63). See SI Text for details.

Statistical Analysis. Data were from at least three independent experiments,
each with at least duplicate or triplicate determinations. Statistical analysis of
data was performed using two-way ANOVA and post hoc Student t test (*P �
0.05; **P � 0.01; ***P � 0.005; ns, not statistically significant).
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